Myoliquefaction of fish musculature results in customer quality complaints and in huge economic losses, especially with regard to Pacific hake (Merluccius productus), farm-reared Atlantic salmon (Salmo salar), South African pilchards (Sardinops ocellatus) and Cape snoek (Thyrsites atun). Myoliquefaction, or 'jelly flesh', is caused by proteolytic enzymes released by the marine myxosporean parasite, Kudoa thyrsites, after the death of the fish. Currently there are no fast methods of detection for this microscopic parasite, and because myoliquefaction is evident only after 38-56 h post-mortem, infected fish inevitably reach the processor and/or consumer. Several methods of detection have been investigated, but most of these methods are time-consuming and/or result in destruction of the fish, and are thus impractical for fishing vessels and fish processors. Limited research is available on possible means of destroying or inhibiting the post-mortem activity of the parasitic proteolytic enzyme. Means such as manipulating post-mortem pH and temperature control have been suggested; leaving opportunities for research into food technology applications such as cold-chain management and ionising radiation.
Introduction
Post-mortem myoliquefaction of fish muscle, commonly known as 'milky flesh', 'soft flesh' or 'jelly flesh', is a phenomenon associated with parasitic infection by Kudoa thyrsites and/or K. paniformis. Kudoa infection has been researched extensively 1 as a result of the economic implications to marine and aquaculture industries. Pacific hake (Merluccius productus) 2 and farm-reared Atlantic salmon (Salmo salar) [3] [4] [5] have been studied more extensively. Parasites from the family Kudoidae Maglitsch, 1960, result in post-mortem myoliquefaction, and, in certain fish species, in visible cysts in the musculature. 6 The economic implications are of great concern for the salmon aquaculture industry, as infected fish show no external signs of infection. Even after death, myoliquefaction becomes apparent only after several hours (38-56 h) post-mortem. 7 Currently there is no rapid method to identify and quantify Kudoa infection. A visual counting method, in which visible white pseudocysts are counted, has been suggested for Pacific hake. Although this method is time consuming, 8 as it requires careful examination, it could be implemented as a means to remove heavily infected fillets with black streaks caused by black pseudocysts. White pseudocysts are only one of the few stages in the Kudoa life cycle. In some fish host species, black pseudocysts are present, while in other host species, such as salmonids, there is no formation of black pseudocysts. The muscle fibre can thus become completely infected and rupture without any macroscopic evidence of infection. While some kudoid species are responsible for post-mortem myoliquefaction and cyst formation, others seem to have relatively little effect in host species. 9 Many kudoid species show low host specificity, for example, K. thyrsites has been recorded from 18 different fish families representing nine fish orders. 10 Taxonomies of the class Myxosporea 11, 12 and the genus Kudoa 11 , have been elaborated in previous review articles, and are not the focus of this review. Information about host species-specific kudoids, level of infection and effects on host musculature, in commercially important fish species, is of great economic importance. However, limited information about Kudoa infections and the effects thereof on marine fish quality and the economic impact thereof in South Africa is available. Here we review some of the global research on K. thyrsites and K. paniformis in several marine fish species of economic importance, with reference, where applicable, to South African marine fish species.
Myoliquefaction in marine fish in South Africa and other countries
Myoliquefaction is a common phenomenon in South African Cape snoek (Thyrsites atun). The musculature of infected fish becomes completely soft and jelly-like ( Figure 1 ) and is commonly known as 'pap snoek'. Soft flesh was described for the first time in T. atun in Australia and South Africa as early as 1910 and 1924, respectively. 13 Myoliquefaction in Cape snoek is caused by the myxosporean parasite K. thyrsites. This parasite was shown to have infected up to 27 fish species worldwide 11 , including mahi-mahi (Coryphaena hippurus) 14 , Atlantic salmon and Pacific hake 3, 10, 11 . South African pilchard (Sardinops ocellatus), Cape hake (Merluccius capensis) and Cape dory (Zeus capensis) are also known to be infected by K. thyrsites (Table 1) , with pilchards being among the most heavily infected fish species in South African waters. The cytoplasmic cysteine proteases from K. thyrsites and K. paniformis have been identified and characterised in Pacific hake, and it was found that K. paniformis was the predominant parasitic species in the muscles. 21 Pacific hake off the coast of Vancouver Island (British Columbia, Canada) was also mainly infected with K. paniformis, while only a small number of K. thyrsites spores was detected. 2 In a study in which 322 Pacific hake from the west coast of British Columbia (offshore) were investigated for the presence of both K. thyrsites and K. paniformis, K. paniformis was found to be the predominant infection, with 32.3% and 38.8% of fish samples infected with either K. thyrsites or K. paniformis, respectively, and 18.3% infected with both parasitic species. 18 Only 10.5% of the 322 samples was uninfected; however, the intensity of infection in the 89.5% infected samples was not uniform between samples or within a sample. Infection was generally more concentrated in the anterior part of the fillets and diminished toward the posterior area.
Mode of action of Kudoa thyrsites on fish tissue
Kudoa thyrsites releases pro-enzymes from the pre-sporogenic plasmodia 1, 20 that support its development by breaking down fish tissue without causing harm to the live fish. Ultra-structural evidence presented by Stehr and Whitaker 1 suggested that while the fish is alive, neighbouring muscle fibres, and myofibrils of the infected muscle fibre that are not in direct contact with K. thyrsites plasmodia, are unaffected by the presence of the parasite. However, when these enzymes continue to be released by the parasite after the fish is killed, myoliquefaction of the musculature occurs. The level of proteolytic activity seems to be linked to the stage of parasitic infection 19 as well as to the level of infection 2 . Proteolytic activity in hake muscle infected with the young parasite stage (white pseudocysts) was on average higher (7-fold) at an acidic pH range than at a neutral pH range. Muscle infected with older black pseudocysts showed a smaller difference in proteolytic activity between acidic and neutral pH ranges. 19 However, fish muscle infected with black pseudocysts showed higher proteolytic activity, even though the correlation of black pseudocysts with proteolytic activity was low.
8 A strong linear relationship was observed between spore counts and endogenous proteolytic activity in Pacific hake infected mainly by K. paniformis. 2 Cathepsin L proteases are responsible for myoliquefaction in infected fish and it is clear this cysteine protease is derived from the parasite and not from a host response to the parasite. 21 Cathepsin L from K. thyrsites differs from other cathepsin L proteases in that it contains only four of the six cysteine residues believed to be involved in disulphide bonds. K. thyrsites cathepsin L is translated as a pro-enzyme which is then chemically altered to an active enzyme by removal of the pro-region during limited proteolysis. 20, 21 This process is regulated by pH, where a decrease in pH results in the destabilisation of the pro-region, thus exposing the cleavage site. Cathepsin L protease from K. thyrsites shows maximum activity at pH 5.5, the iso-electric point of muscle proteins, and a marked loss of activity at pH 6.5. 19 As the pH in fish muscle drops from 7.0 to 6.5 during early post-mortem storage, 22, 23 
Characteristics of Kudoa thyrsites infection
Kudoa thyrsites is a multivalvulid myxosporean parasite of marine fishes and has a complex life cycle with more than one host; very little is known about the life cycle of this parasite. 11, 19, 24 Based on the life cycle of freshwater myxosporean species, a life cycle for K. thyrsites has been hypothesised. 24, 25 Parasitic plasmodia (cysts containing many spores) grow within the myocytes and sporulation of plasmodia within the somatic musculature of the host fish results in many myxospores inducing a chronic inflammatory response, but without any apparent harm to the health of the fish. The parasite penetrates the core of muscle fibre and spreads along myocytes without damaging the sarcolemma, resulting in individual muscle fibres being filled with spores without involving the connective tissue. 19 This aggregate of spores within the somatic muscle fibre is referred to as the pseudocyst. 26 The myxospores are released from the pseudocyst upon death of the host fish, and are then taken up by an intermediate host. Within the intermediate host, a second sporulation results in the development of actinospores. These actinospores are released to infect a new host fish and continue the parasite's life cycle. Whilst the parasite remains within the muscle fibre (where it contains both developing and mature spores), infected fibres appear white 1 ; however, if the sarcolemma is destroyed by the parasite, there is a rapid development of a fibroblast layer around the parasite and the pseudocyst becomes black in appearance. In certain fish host species, such as salmonids, there is no formation of black pseudocysts 26 and the muscle fibre can be completely infected and rupture without any macroscopic evidence of infection.
Although the stage of K. thyrsites that is infective to fish has not yet been identified, 4 the presence of plasmodia in myocytes of Atlantic salmon has been observed after only 9 weeks of exposure to contaminated seawater 27 . K. thyrsites is different from other members of the myxozoan species in that it infects a wide variety of fish species around the world ( Table 1 ). The route of infection is unknown; however, transmission of the parasite does not occur directly between fish. Infection by K. thyrsites occurs only in seawater and not in fresh water. 6 South African snoek and pilchards appear to be major host reservoir species for K. thyrsites 12, 15 in South African waters. It cannot, however, be assumed that transmission of K. thyrsites occurs through ingestion of infected fish by other predatory fishes, firstly, because the life cycle and route of transmission and infection is unknown, and, secondly, because the Australian pilchard (Sardinops sagax neopilchardus), a planktivorous fish species, is also heavily infected with K. thyrsites and is suggested to be a major reservoir host in Southwest Australian waters. It is thus suggested that infection of plantivorous fish is through ingestion of infected invertebrate hosts.
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Factors affecting the level of Kudoa thyrsites infection
The degree of visible myoliquefaction from K. thyrsites infection may be influenced by several factors, such as time to evaluation post-mortem, the number of K. thyrsites present in the flesh, temperature during storage, and the inherent quality of the muscle. 4 The latter is affected by factors such as growth and feeding condition of the fish, water temperature, and processing conditions. From a correlation between post-mortem myoliquefaction and intensity of K. thyrsites infection in Atlantic salmon, it was found that high intensity of infection resulted in severe autolysis of the somatic musculature. 3 A mean plasmodia count of 0.3 mm -2 or a mean spore count of 4 x 10 5 /g tissue is suggested to be indicative of severe myoliquefaction. 4 The age and size 5, 7 of fish as factors affecting the degree of post-mortem myoliquefaction was demonstrated in 2008 7 , when large (>600 g) Atlantic mackerel had a significantly greater prevalence of myoliquefaction than medium-sized (400-600 g) mackerel. Pen-reared sexually mature Atlantic salmon (Salmo salar) are also more likely to be infected with K. thyrsites than their sexually immature counterparts. 5 A local snoek processor (Theron R 2012, oral communication, June) reported that large Cape snoek tend to develop myoliquefaction to a greater extent than do smaller fish. Levsen et al. 7 hypothesised that mackerel become infected at a late stage of their lifespan, or, that the parasite develops relatively slowly. Previous studies 19, 27 have indicated that K. thyrsites has a slow plasmodial development in fish and develops into microscopically visible plasmodia in adult fish, although a histologically undetectable parasite stage may be present in younger fish. Early stages of the parasite may be detected by PCR 11, 28, 29 and immunohistochemistry 29 techniques. K. thyrsites was identified in young tube-snouts (Aulorhynchus flavidus) using PCR when visual or histological methods were negative. 25 Similarly to results of an earlier study 7 , it was also found that the prevalence of infection was greater in adult tube-snouts (up to 100%) than in young tube-snouts (about 50%) 25 .
The prevalence of Kudoa infection is also affected by season, with the level of infection tending to be higher during summer than during winter months. 5, 6, 11, 30, 31 The effect of season on K. thyrsites and K. paniformis infection levels in South African marine fish species, such as Cape snoek, Cape hake, Cape dory and South African pilchard, is not well documented.
Detection and identification of Kudoa thyrsites infection
Kudoa thyrsites myxospores (Figure 2 ) are the most characteristic stage of infection and are suggested to be the infective stage of invertebrate hosts or vertebrate predatory fish species.
7,12,14,24 K. thyrsites myxospores vary between 12.0 µm 32 and 16.7 µm 10,33 in diameter, and, in the absence of visible pseudocysts, infection with K. thyrsites is not macroscopically visible. Infection is thus not macroscopically detected until myoliquefaction, several hours post-mortem. Examination of both muscle and blood samples of Atlantic mackerel (Scomber scombrus L.) immediately after catch was unsuccessful in identifying infection by K. thyrsites. 7 Several researchers 8, 34 have suggested visual counting of white pseudocysts as a potential method for sorting Pacific hake according to level of infection; a positive correlation between the number of white pseudocysts, protease activity and texture of Pacific hake has been found. The drawback of this method is that it requires careful and time-consuming examination, because white pseudocysts are not readily detectable, and is therefore not feasible for a production line. Detection of the parasite by means of ultraviolet fluorescence has been investigated, 15 but this method is unreliable because the parasitic cysts do not glow in dark-coloured muscles or in dead flesh that is more than a few hours old.
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The identification of infection by K. thyrsites is usually done by microscopy, using either wet mounts or histological sections of muscle tissue, which results in disfiguration of the fish and thus negatively influences its market value. Sampling from the hyohyoideus ventralis muscle (striated muscle) from under the operculum of Atlantic salmon, from which a wet mount is prepared and examined under phase contrast microscopy provides a non-destructive method for assessing fish for the presence or absence of K. thyrsites spores as only a small amount of fillet is needed. 34 Counting the number of plasmodia in the opercular mandibular muscle of Atlantic salmon did not reflect the number of plasmodia in the fillets and was not a good indicator of fillet quality (i.e. it did not correlate with the number of pits in the fillet). 4 The most reliable predictive parasite counts were those from somatic and opercular samples. 4 Because sampling from somatic muscle tissue damages the fillet, this sampling method has been considered undesirable; however, as only a small sample (25 mg) is required, the sample could be removed from the fillet without any visual damage to the fillet. 4 Because the number of plasmodia and spores vary significantly among individual fish and among tissue samples within a fish, it is recommended that multiple samples be taken from a single fish. To avoid false negatives and to improve detection when using the PCR test method, a large sample of tissue from several anatomical areas from a single fish should be included in the initial homogenate. 34 An alternative quantitative method is an antigen-capture enzyme-linked immunosorbent assay 36 which utilises uncharacterised soluble parasite antigens to estimate the severity of the infection. This assay is similar in sensitivity to PCR and may be used, with an appropriate sampling plan, as an early diagnostic tool.
In comparison with microscopic methods, in which only myxospores ( Figure 2) are detected, the PCR method is useful for detecting less severe and early stage infections. Although PCR testing for K. thyrsites is specific and more sensitive than wet mount and histological examinations, it provides limited information on parasite locality in specific tissues. Although histological staining provides for localisation of recognisable mature infections, it does not allow characterisation of obscure developmental stages of the parasite. By combining methods of in-situ hybridisation and immunohistochemistry, previously undescribed developmental stages of K. thyrsites may be characterised. 29 In-situ hybridisation can be used as a tool to localise K. thyrsites in specific tissues and to visualise cryptic stages, whereas immunohistochemistry can be used to detect early developmental stages, but not pre-sprogonic stages or mature spores of K. thyrsites.
A recent study 36 investigated the efficacy of dietary nicarbazin, an equimolar complex of 4, 4 ' -dinitrocarbanilide and 2-hydroxy-4,6-dimethylpyrimidine used in poultry feeds for the prevention of coccidiosis 37 , against K. thyrsites in seawater-reared Atlantic salmon post-smolts. Dietary nicarbazin was found to significantly reduce the prevalence and severity of K. thyrsites in fish. Effects on mortality of fish and of high residues of nicarbazin in skin, liver and muscle warrant further studies. Development of treatment regimes using medicated diets is possible for farmed-reared fish, but such strategies are not possible for wild fish.
Conclusions
Although the parasite K. thyrsites is considered harmless if consumed by humans 38 , there has been a report 39 of an immunological response after consumption of fish infected with Kudoa. No conclusive relationship with any pathological disorder has, however, been found.
In relation to global food security issues, the most important concern with regard to Kudoa infections is that it results in waste of animal protein and economic losses. In the case of wild-caught fish, rapid methods of identifying infected fish as soon as possible after harvest or capture at sea will be of benefit to the fishery industry. If infected fish can be identified at an early stage post-mortem, the infected fish may be used for alternative processing. Alternatively, opportunities exist for investigating post-harvest technologies, such as ionising irradiation 40 to inhibit the development of myoliquefaction, and, consequently, reduce waste and economic losses. Such possibilities for South African conditions will enable the fishing industry, especially the small-scale fishing industry, to minimise the wastage experienced currently.
